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Abstract 

Background: Cajal body (CB) is a nucleic organelle where small nuclear ribonucleoproteins undergo modification, 
maturation, splicing and/or assembly. Coilin is the marker structural protein of CBs. The expression level and cellular 
localization of coilin is sensitive to chemotherapeutic reagents, such as cisplatin. The gene of cyclin‑dependent kinase 
inhibitor 1B (p27) is located with a high incidence translocation region of leukemic chromosomes, and its expression 
was of prognosis values in a variety of adult leukemia types. The exact profile and associated functions of coilin, as 
well as p27, in children’s acute lymphoblastic leukemia (ALL) is obscure.

Methods: Bone marrow samples from 144 patients with ALL were collected. The expression levels of coilin and p27 
were detected by qRT‑PCR. The patient cohort was divided into low and high groups of coilin and p27 respectively. 
The prognosis and clinicobiological characteristics of different groups were investigated, especially focused on the 
treatment outcome. Leukemia cells of Reh or RS4;11 were exposed to different concentrations of DNR, prior to the 
detection for morphological changes of coilin by immunofluorescence. In Reh cells, lentivirus sh‑coilin was used to 
silence coilin expression. Western blotting was used to detect coilin and p27 expression; flow cytometry was used for 
cell cycle and apoptosis assay; MTS method was used for measuring cell viability to examine the drug sensitivity of 
DNR.

Results: In this study, we found that daunorubicin was able to induce significant morphological changes of CBs in 
Reh and RS4;11 cells. Knockdown the expression of coilin increased the sensitivity to daunorubicin and inhibited the 
expression of p27 in Reh cells, and led to increased apoptosis. Importantly, not only the levels of coilin and p27 mRNA 
expression at initial diagnosis ALL children are markedly higher than those at complete remission (CR), but also both 
coilin and p27 expression in the relapsed patients was observed significantly higher comparing to the continuous 
CR patients. The 4‑year EFS and RFS indicated that low levels of both coilin and p27 group favored better prognosis 
(p < 0.05).

Conclusions: Our results indicated that consideration of coilin and p27 levels could be a prognostic reference for 
predicting the outcome of pediatric ALL patients, especially for disease recurrence. Reduction of coilin expression was 
sufficient to increase the sensitivity of leukemic cells to daunorubicin treatments, and during which possibly involved 
functions of p27 in cell cycle regulation and its effects on cell apoptosis.
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Background
Acute lymphoblastic leukemia (ALL) is the most com-
mon malignancy in children worldwide [1]. The chemo-
therapy regimen for ALL patients involving multiple 
drugs combinations has developed and constantly being 
optimized based on risk classification and stratifica-
tion [2]. Although the outcome following treatments of 
pediatric ALL has dramatically improved during the past 
two decades, there still remained about 15% of patients 
failed the chemotherapy. The relapse of pediatric ALL 
has become a bottleneck, as well as a problematic chal-
lenge for the further improvement in ALL treatments. In 
clinics, without prognostic indications of ALL relapse, 
physicians often faced a dilemma about whether to rec-
ommend chemotherapy dose reinforcement for patients 
with attenuated relieves [3–5].

Among the current effective chemotherapeutic regi-
mens, ten or more different drugs were selected and 
prescribed to treat childhood ALL for over 2–3  years 
periods [6]. Daunorubicin (DNR) is one of the most fre-
quently used component, especially being used for treat-
ing pediatric ALL. DNR is a potent topoisomerase II 
inhibitor and is able to cause the accumulation of DNA 
double-strand breaks (DSBs) [7]. The ability of DNR to 
induce massive apoptosis in leukemia cells has made it 
one of the most effective drugs within a chemotherapy 
regimen. Unfortunately, the drug resistance to DNR not 
only directly contributed to the failure of chemotherapy, 
but also can be a major cause for the disease relapse [8]. 
The molecular mechanism for the development of drug 
resistance can be extremely sophisticated, including the 
enhanced DNA damage repair capacity, tolerance to 
apoptosis, increased energy-dependent drug efflux and 
changes in drug metabolism, etc. [9]. Among various 
enzymes and proteins related to chemoresistance, glu-
tathione transferase and topoisomerase II are the ones 
that has been early recognized. Studies have shown that 
topoisomerase II was also an important molecule for the 
maintenance of nuclear structure and chromatin configu-
ration [10]. The abnormality in topoisomerase II expres-
sion levels may lead to observable changes in cell nuclei 
through microscopy.

Cajal bodies (CB) is a common nuclear structure 
observed in different cell types that recently rediscov-
ered for its important biological functions [11]. The 
morphology of CB rapidly responds and is extremely 
sensitive to DNA damages [12]. Coilin is a hallmark 
protein of the Cajal bodies, and primarily been used to 
monitor the dynamics of CB structures. Coilin is also 
functionally involved in many CB associated nuclear 
activities, including the biogenesis of small nuclear 
ribonucleoproteins (snRNPs), small Cajal body-specific 

RNPs (scaRNPs), small nucleolar RNPs (snoRNPs), as 
well as the processing of histone pre-mRNAs at the 
3′-ends [13]. It has been reported that the number 
counts and the shapes or sizes of CBs were subjected 
to significant changes when cells were exposed to a 
wide array of DNA damage reagents, such as cisplatin, 
etoposide, UV-C or gamma irradiation [14]. Researches 
have also found that coilin was indeed play a role in 
the DNA damage responses. For examples, coilin 
could directly interact with Ku protein to inhibit non-
homologous end joining (NHEJ) during DNA repair 
process [15]. TCAB1, another essential CB component, 
accumulated at DNA damage sites in an ATM/H2AX/
MDC1-dependent manner and enhanced DNA repair 
via homologous recombination (HR) and NHEJ when 
cells treated with micro-irradiation [16]. Increasing evi-
dence supported the possibility that coilin was in asso-
ciation with drug sensitivity in chemotherapy due to its 
role in the modulation of cellular DNA damage/repair 
pathways.

Latest reports showed that  coilin−/− mice exhibited 
reduced viability as a consequence of defects in snRNP 
biogenesis and splicing. Additional studies have shown 
that the knockout of coilin in zebrafish led to immediate 
death of the embryos [17, 18]. The knockdown of coilin 
in U2OS cells with etoposide treatments, DNA dam-
age responses increased γH2AX at the protein levels, 
subsequently led to substantial phenotypical changes 
in cell growth and cell cycle arrest at the S phase and 
G2/M phase [19]. The housekeeping protein of p27 is 
an important cell cycle regulatory molecule which neg-
atively controls cell-cycle progression. The human p27 
gene is located at human chromosome 12p13 [20]. This 
genome region has been previously identified as a com-
mon site of chromosomal translocation in ALL.

Different from the majority of human solid tumors, 
the expression of p27 at both mRNA and protein lev-
els were much higher than normal tissues, especially 
in chronic lymphocytic leukemia [21]. Patients with 
low p27 mRNA expression were found to have a bet-
ter survival outcome than those with intermediate/high 
expression patients [22]. In pediatric ALL, the expres-
sion of p27 remained to be obscure from the litera-
ture. There is also no clinical report summarizing the 
potential role of either p27 or coilin in the sensitivity of 
chemotherapy, especially in connection with the DNA 
damage and repair pathways. In this present study, 
we investigated the effect of coilin knockdown on the 
expression of p27 and the sensitivity to daunorubicin in 
ALL cells. The clinical significance of coilin and p27 in 
the initial diagnosis and retrospection of relapsed pedi-
atric ALL were explored.
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Methods
Patient information
A total of 144 children (from 5 months to 14.9 years old 
with a median age of 4.1  years) with newly diagnosed 
BCP-ALL between October 2011 and December 2012 
in Beijing Children’s Hospital (BCH) were enrolled 
in this study. All patients were diagnosed based on 
comprehensive indexes of morphology, immunology, 
cytogenetics and molecular biology (MICM). And all of 
them were treated with the protocol established by Chi-
nese Children’s Leukemia Group in 2008. The details in 
risk stratification and treatment of this protocol has 
been described previously [3]. G-banding karyotyping 
and multiplex reverse transcription polymerase chain 
reaction (RT-PCR) were used to identify the genetic 
subtypes of leukemia.

In this study, to ensure the leukemic cells existed as 
the main component in the bone marrow (BM) sam-
ples, the inclusion criterion for patient admission 
was set as ≥ 70% leukemic cells in the BM samples at 
diagnosis. Paired BM samples in 22 patients were col-
lected at the time of initial diagnosis and in complete 
remission (CR) at day 78 (before consolidation ther-
apy) respectively. The clinical characteristics of these 
patients were shown in Table  1. BM samples obtained 
from the 5 idiopathic thrombocytopenic purpura (ITP) 
patients were used as negative control.

This research was approved by the BCH Institutional 
Ethics Committee. Informed consents were obtained 
from the parents or guardians of each case according to 
the Declaration of Helsinki.

Cell culture, lentivirus infection and chemical treatments
Reh and RS4;11 cells were purchased from the cell bank 
at Peking Union Medical University. The Reh cell line 
was detected for unique STR profiles in China and con-
firmed with the correct genetic background. Cells were 
expanded and cultured in Roswell Park Memorial Insti-
tute (RPMI) with l-glutamine (Hyclone, Beijing, China) 
supplemented with 10% fetal bovine serum (FBS) (Inv-
itrogen, Carlsbad, CA). For lentivirus infection experi-
ments, cells were seeded in 6- or 12-well plates. The 
lentivirus carrying a sh-coilin cassette (4 × 108  TU/
ml) was purchased from Shanghai Genechem Co., Ltd, 
China. The targeting RNAi sequence of sh-coilin and 
a control scramble were as GAG AGA ACC TGG GAA 
ATT T and TTC TCC GAA CGT GTC ACG T respectively.

Daunorubicin (DNR, Sigma-Aldrich, USA) was used 
at 0.01, 0.03 and 0.05 μg/ml for 24 h. Arabinocytidine, 
Vincristine and Adriamycin were purchased from 
Dalian Meilun Biotechnology Co., Ltd, China.

RNA isolation, reverse transcription, and quantitative 
real‑time PCR
Mononuclear cells from the BM samples were isolated 
by Ficoll–Hypaquedensity-gradient centrifugation and 
then preserved at − 80 °C. The total RNAs were extracted 
from cells (frozen at − 80  °C) using Trizol reagent (Inv-
itrogen, Paisley, UK) according to the standard protocol. 
The RNA were transcribed reversely into cDNAs using 
random hexamers and Moloney murine leukemia virus 
(MMLV) reverse transcriptase (Promega, Madison, USA) 
according to the manufacturer’s instructions. The coilin 

Table 1 Clinical information and  statistics 
about the included 144 patients

WBC white blood cell, CNS central nervous system, MRD minimal residual 
disease, CCR  continuous complete remission, EFS event-free survival

Characteristics Total (n %)

Gender

 Male 86 (59.7)

 Female 58 (40.3)

Age (years)

 1–9 124 (86.1)

 ≥ 10 20 (13.9)

 Median 4.1

 Range 0.5–14.9

WBC (× 109/l)

 < 50 123 (85.4)

 ≥ 50 21 (14.6)

 Median 8.3

 Range 1.1–990.0

CNS involvement

 No 143 (99.3)

 Yes 1 (0.7)

Fusion gene

 TEL/AML1 30 (20.8)

 E2A/PBX1 8 (5.6)

 BCR/ABL1 10 (6.9)

 MLL rearrangement 6 (4.2)

 Others 2 (1.4)

Prednisone response

 Good 137 (95.1)

 Poor 7 (4.9)

MRD at day 33

 < 1 × 10−4 38 (26.4)

 ≥ 1 × 10−4 106 (73.6)

Treatment outcome

 Relapse 13 (9.1)

 Death 11 (7.6)

 CCR 120 (83.3)

Survival (%)

 4‑year EFS 83.1 ± 3.1
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and p27 expression were measured by real-time quanti-
tative RT-PCR (qRT-PCR) using an Applied Biosystems 
ViiA7 (Life Technologies, USA) with the TaqMan probes 
for human coilin mRNA (assay ID Hs00982300_m1) 
or p27 mRNA (assay ID Hs01597588_m1). The beta-
glucuronidase (GUS) gene was used as the internal con-
trol. The primer sequences used for GUS were forward: 
5′-GAA AAT ATGT GGT TGG AGAG CTC ATT -3′ and 
reverse: 5′-CCG AGT GAAG ATC CCC TTTT TA-3′.

The PCR reactions were performed in a total volume of 
10 μl, including 5 μl TaqMan gene expression master mix 
(Applied Biosystems, USA), 0.5 μl Gene Expression Assay 
probe, 1  μl cDNA and 3.5  μl deionized water. The PCR 
program was carried out at 95 °C for 10 min, followed by 
50 cycles of 95 °C for 15 s and 60 °C for 60 s. Each sam-
ple was detected in triplicates. The relative levels of coilin 
and p27 were determined by  2−△△CT method.

Immunofluorescence microscopy
Cells were grown on a 12-well plates and treated with 
daunorubicin (DNR) for 24  h. Before fixation, the cells 
were transferred onto glass coverslips in another 12-well 
plate (treated with poly-l-lysine in advance for 30 min). 
The cells were then treated as follows: fixed in 4% para-
formaldehyde (Sigma-Aldrich) for 15 min at room tem-
perature, washed with PBS for 5 min × 3, permeabilized 
with 0.5% Triton X-100 for 10  min, blocked with 2.0% 
bovine serum albumin (BSA, Cat. No. 0332, USA) for 1 h, 
and incubated with coilin primary antibody (1:50 dilu-
tion, sc-32860, Santa Cruz, CA, USA) overnight at 4  °C 
and subsequently suitable secondary antibodies (1:200 
dilution, Life, Carlsbad, CA, USA). The nucleus was 
stained with DAPI (40, 6-diamidino-2-phenylindole, Cat. 
No. ZLI-9557; ZhongShan JinQiao, Beijing, China). Fluo-
rescence images were collected with a confocal micro-
scope Leica TCS SP5 MP system.

Western blotting
Cells grown in six-well plates were harvested on ice 
and lysed in 100  μl RIPA buffer (Thermo, Rockford, IL, 
USA) containing the full cocktail of protease inhibitors 
(Thermo). The protein concentrations were determined 
using the BCA protein assay kit (Novagen, San Diego, 
CA, USA). The loaded samples containing 30 μg protein 
per lane were separated on 12% SDS-PAGE gels and then 
transferred onto Polyvinylidene Fluoride (PVDF) filters 
(Millipore, Billerica, MA, USA). After blocking with 1.5% 
(m/v) BSA in TBST for 1 h at room temperature, the pro-
teins on PVDF were blotted with rabbit polyclonal anti-
coilin (sc-32860, 1:1000, Santa Cruz, CA, USA) or rabbit 
anti-p27 (sc-528, 1:1000, Santa Cruz, CA, USA) specific 
antibodies, mouse monoclonal anti-phospho-Histone 
H2AX (Ser139) (05-636, 1:1000, Millipore, USA) or 

HRP-conjugated mouse anti-GAPDH (KC-5G5, 1:1000, 
Kangchen-BioTech, Shanghai, China) antibodies. After 
washing three times with TBST for 10 min each, the blots 
were incubated with appropriate secondary antibodies 
at room temperature for 1  h (1:10,000, Signalway Anti-
body LLC, USA). The proteins were visualized with an 
enhanced chemiluminescence (ECL) kit (Millipore, USA) 
and imaged under a detection system.

Cell viability assay (MTS method)
The cell viability assays were performed using the CellTi-
ter-96 Aqueous-One Solution Cell Proliferation (MTS) 
Assay kit (G3580, Promega, USA). Briefly, 20 μl of MTS 
reagent was added into the 96-well plates per well, and 
incubated (37 °C, 5%  CO2) for 24 h. The plates were then 
loaded into the ELx808™ Absorbance Microplate Reader 
(BioTek, Winooski, VT, USA) to measure the absorbance 
at 490 nm.

Apoptosis assay
For apoptosis studies, a PE Annexin V Apoptosis Detec-
tion Kit I (4289813, eBioscience, USA) was used. The Reh 
cells infected with control or sh-coilin for 96 h were har-
vested and washed with a binding buffer. Then, the cells 
were stained with 5  μl of Annexin V-PE for 15  min at 
room temperature in dark. Wash twice with the binding 
buffer, the samples were stained with 5 μl of 7AAD before 
detection. The cellular apoptosis were analyzed also using 
a Gallios Flow Cytometer (Beckman Coulter).

Statistical analysis
The statistical tests were performed using SPSS 16.0 soft-
ware for data analyses. The date of May 30, 2016 was set 
as the reference date for the terminating dead line of data 
collection. Comparisons between the subgroups for this 
study were evaluated by non-parametric tests. Event-free 
survival (EFS) was estimated from the date of diagnosis 
to the date meeting one of the following events: induction 
failure, relapse, death or the last contact with patients in 
continuous CR. Relapse-free survival (RFS) was defined 
from the date of diagnosis to the date of disease relapse. 
The significance in RFS and EFS were estimated with the 
Kaplan–Meier survival analysis. All tests with a p < 0.05 
in two-sided distributions were considered statistically 
significant.

Results
Daunorubicin‑induced DNA damage disrupted the nuclear 
localization of coilin in leukemia cells
Although the morphology coilin represented struc-
tures was known to respond to a variety of chemother-
apy reagents, whether it can indicate the DNA damage 
responses in leukemia cells remained to be investigated. 
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We first treated Reh cells with different doses of DNR 
and examined the localization of coilin by immuno-
fluorescence assays (Fig. 1a). We found DNR treatments 
resulted in a drastic change in the localization of coilin, 
as well as its protein levels indicated by the intensity of 
staining. The coilin distribution appeared to be more 
scattered and partly concentrated toward the nucleolus. 
To exclude the possibility that the changes in coilin stain-
ing is cell-specific phenomenon in Reh, we performed 
similar experiments using another ALL cells, RS4;11 cells 
(Fig. 1b). We found a similar dislocation of coilin which 
was dose-dependent to DNR concentrations. To verify 
whether the changes in coilin staining following DNR 
treatments was indeed DNA damage associated, we com-
pared the response to DNR with other types of chemicals 
of adriamycin (ADR), vincristine (VCR) and arabinocy-
tidine (AraC) in Reh cells. We found that the redistribu-
tion of coilin could be observed in ADR treated cells, but 
not in cells exposed to VCR and AraC (Fig.  1c). Since 

ADR is the only agent known to cause massive DNA 
damages to a comparable extent in the experiment, the 
result indicated that the morphological changes of coilin 
was induced and correlated to DNA damages. Besides 
the morphology, we also performed RT-PCR and West-
ern blotting for accurate measures of the relative expres-
sion levels of coilin following DNR treatments (Fig. 1d, e). 
Increased coilin expression at both mRNA and protein 
levels were found, consistent to the observation from IF 
staining. This prompted us to start exploring on whether 
DNR induced coilin expression could be observed or of 
clinical values from patient samples.

Coilin expression exerted clinical values for correlating 
the outcome of pediatric BCP‑ALL patients
A total of 144 patients with a first diagnosis of BCP-
ALL were included in this study. The ratio of female to 
male was 1:1.48, with a median age of 4.1 ranging from 
0.5 to 14.9  years. The 4-year event-free survival (EFS) 

Fig. 1 Subcellular localization and expression of coilin in leukemia cells following DNR treatments. Immunofluorescence of coilin in Reh (a) and 
RS4;11 (b) cells treated with different doses of DNR for 24 h. The nuclei were post‑stained in blue with 4′,6‑diamino‑2‑phenylindole (DAPI). c 
Immunofluorescence of coilin in Reh cells treated with arabinocytidine (AraC, 30 μg/ml), Vincristine (VCR, 1.5 μg/ml) or adriamycin (ADR, 2.0 μg/ml). 
d Coilin expression at the mRNA in Reh cells treated with DNR (0.03 μg/ml) for 24 h. Compared with the non‑treated control, a significant increase 
(*p = 0.002, n = 3) was observed from the RT‑qPCR measures. e Coilin expression at protein levels in Reh cells treated with DNR (0.03 μg/ml) for 24 h. 
Quantification from the Western blot of coilin (*p = 0.025) and γH2AX (*p = 0.003) also indicated increased levels normalized to GAPDH (n = 3)
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was determined as 83.1 ± 3.1% after a median follow-
up of 45 months (1.0–53.0). Of the 144 subjects, disease 
relapse occurred in 13 patients, including 12 cases of 
bone marrow (BM) relapse and 1 case of central nervous 
system (CNS) relapse. Eleven patients died from sepsis or 
multiple organ failure. The remaining 120 patients were 
in continuous complete remission (CCR), as shown in 
Table 1. The relative expression levels of the coilin mRNA 
were determined as between 0.63 and 7.2, with a median 
of 1.88. The expression of coilin with the value over 1.0 
were observed in most of the samples as 88.2% (127/144 
cases). With the exact paired 22 samples collected at day 
0, the time of diagnosis, and day 78, in states of complete 
remission (CR), the result of coilin levels was summa-
rized in Fig. 2a. Reduced coilin expression was found with 
a significance of p < 0.001. From the comparison between 
CCR and relapse patient groups (Fig.  2b), significant 
(p = 0.042) high expression of coilin was found in relapse 
patients (median 2.15, range 1.38–7.2; n = 13) over the 
CCR group (median 1.79, range 0.62–4.4; n = 120).

Knockdown of coilin increased the DNR drug 
sensitivity in leukemia cells with the inhibition of p27 
and the increase of apoptosis
From previous results, higher expression of coilin was 
found in ALL patients with poor prognosis. We won-
dered whether the expressed coilin proteins functionally 
involved in the attenuation of disease progression. We 
prepared a pair of lentivirus vector carrying either a con-
trol or a coilin shRNA expressing cassette to evaluate the 
knockdown effect of coilin in leukemia cells. Flow cytom-
etry analysis was conducted with Reh cells infected with 
the lentiviruses. The results showed that significantly 
increased cell apoptosis was found in coilin suppressed 

cells as compared to the controls (Fig. 3a, b). We further 
examined whether coilin levels could affect sensitivity to 
DNR. When infected Reh cells were subjected to DNR 
for 24 h, MTS assays were performed to detect the sur-
vival rate of treated cells. As shown in Fig. 3c, sh-coilin 
infection reduced the live cell percentage to approxi-
mately 18% following DNR treatments, nearly as only a 
half of the values in the controls.

Besides apoptosis, cell cycle arrest could an alterna-
tive mechanism to cause significant reduction of survival 
cell numbers. As the result from apoptosis measures did 
not fully explain the survival cell data in percentage val-
ues, we began to exploit on regulatory molecules for cell 
cycle controls. One of the prominent candidate is the p27 
protein. P27 is a potent inhibitor of various cyclin-CDK 
complexes that plays a critical roles in the cell correspond 
to DNA damages. Suppression of coilin induced elevated 
γH2AX levels following DNR treatment, as shown in the 
western blot (Fig. 3d). Infection of the lentivirus express-
ing sh-coilin, the reduction of p27 was observed in Reh 
cells, especially under conditions of DNR treatments. 
These results indicated that the expression coilin and p27 
were coordinated for the determination of cell survival 
under DNR treatments.

The prognostic value of coilin expression levels 
for treatment outcome and disease relapse in association 
with p27 in pediatric BCP‑ALL patients
As we learned that the knockdown of coilin expression 
was able to clearly decreased the level of p27 significantly 
in cell cultures, especially under DNR treatment, we then 
started to examine the expression of p27 by RT-PCR in 
the 144 pediatric BCP-ALL patients. The relative expres-
sion levels of the p27 gene were between 0.14 and 7.42, 

Fig. 2 The coilin mRNA levels from the bone marrow samples in different clinical subgroups of pediatric ALL. a Relative coilin mRNA levels at 
diagnosis (day 0) or complete remission (day 78) (n = 22). b Coilin expression in patients of continuous complete remission (CCR) (n = 120) or 
disease relapse (n = 13)
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with a median of 1.49. The levels of p27 mRNA with the 
value over 1.0 were found in 79.9% (115/144) cases. Simi-
lar to coilin, the mRNA levels of p27 at CR were reduced 
significantly in 20 cases among the 22 paired samples 
compared with that at diagnosis (p < 0.001, Fig.  4a). 
What’s more, the levels of p27 were higher in those 

patients who suffered relapse (n = 13; median 2.15, range 
0.6–6.02) than patients in CCR (n = 120; median 1.46, 
range 0.14–7.42; p = 0.012; Fig. 4b). Notably, the expres-
sion of coilin and p27 appeared to be correlated with 
Spearman correlation coefficient of 0.421 (p < 0.001).

Fig. 3 Effects of coilin knockdown in leukemia cells following DNR (0.03 μg/ml) treatments. a Flow cytometry analyses for apoptosis in Reh cells 
infected with a lenti‑virus expressing a scrambled control or a shRNA targeting coilin. b Quantification on apoptosis (*p = 0.019, n = 3) from cells 
subjected to the same treatments as in a. c The cell survival measures in sh‑Coilin infected Reh cells without or with DNR treatments (*p = 0.002, 
#p = 0.014, n = 3). d Western blot of p27 and γH2AX from leukemia cells treated with DNR (0.03 μg/ml). Quantification (n = 3) of coilin, p27 and 
γH2AX proteins relative to GAPDH levels. The expression of coilin and p27 were decreased (*p = 0.009, p = 0.044); whereas γH2AX was increased 
(*p = 0.001)
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As the expression of p27 has been reported to regu-
late apoptosis and cell survival and was suggested for the 
prognosis in AML and CLL. We analyzed the survivals 
of the BCP-ALL patients in correlation with the levels of 
p27. The threshold of p27 measures was determined by 

ROC curve analysis, and the optimal cut-off level of p27 
was 1.30. The whole cohort was separated into high- and 
low-p27 expression groups of 91 and 53 cases respec-
tively by the cut-off value. The 4-year EFS and RFS were 
poorer in high-p27 group as determined to be 77.7 ± 4.4 

Fig. 4 Expression of p27 in different subgroups conjoining coilin levels for the prognosis of pediatric BCP‑ALL. a Relative p27 expression at 
diagnosis (day 0) or complete remission (day 78) (n = 22). b Levels of p27 expression in patients of continuous complete remission (CCR) (n = 120) 
or relapse (n = 13). Analyses of c event free survival (EFS) and d relapse free survival (RFS) from the whole cohort of 144 BCP‑ALL patients with high 
or low coilin expression. Analyses of e event free survival (EFS) and f relapse free survival (RFS) in patients with high or low p27 expression
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and 85.5 ± 3.9% than those patients in low-p27 group 
(92.4 ± 3.6, 98.0 ± 2.0%) with statistical significance of 
p = 0.028 and p = 0.02 (Fig.  4e, f ). Similarly, the thresh-
old of coilin expression of a cut-off level as 1.57 was used 
to define high- and low-coilin expression groups of 90 
and 54 cases. As shown in Fig.  4c, d, low coilin group 
displayed a significant favorable result on EFS and RFS 
measures (92.6 ± 3.6, 98.1 ± 1.9%). These results sug-
gested that high expression of the coilin and p27 gene 
was not only potentially indicated non-optimistic drug 
responses in leukemia therapies, but also could be used 
for predicting poor treatment outcome.

Discussion
Earlier studies seemed to suggest that the morphology of 
Cajal bodies appeared to be more dynamic organelle in 
higher metabolic cells, such as neurons or cancer cells. 
The number and sizes of CBs were affected with changes 
in cell cycle, development, transformation, temperature, 
DNA damage, and coilin mutations [23]. The phospho-
rylation of coilin at different amino acid residues trig-
gered the formation or destabilization of CBs. Several 
latest studies have demonstrated the redistribution of 
coilin responded to DNA damages in solid tumor cells 
[24]. It will be interesting to learn the morphology and 
changes in leukemia cells, where a variety of DNA dam-
age agents were used for the clinical treatments for the 
disease. However, very few reports were found to this 
aspect. In this study, we treated Reh and RS4;11 cells with 
DNR of various concentrations and discovered dramati-
cal changes in CB morphology, particularly the relocali-
zation of coilin into the nucleolus. Similar phenomenon 
was seen during which we treated the cells with ADR, an 
analog of DNR as another DNA damaging agent, a dose-
dependent change in CB morphology was observed simi-
lar to the cells following DNR treatments. To make sure 
that the changes in CB and coilin were indeed the con-
sequence of DNA damages, we also treated the cells with 
other agents used in leukemia therapies of AraC or VCR. 
AraC belongs to the pyrimidine class of anti-metabolic 
drugs; whereas VCR is known to bind tubulin and cause 
mitosis arrest in the meta-phase. As shown in Fig. 1c, the 
results were clearly different in the microscopic pictures.

The drug-responsive morphological changes of CBs 
was also demonstrated to relate to DNA repair pro-
cesses. It was reported that Herpes virus infection 
redistributed coilin to the damaged centromeres by 
activating the interphase centromere damage response 
(iCDR) [25]. In addition, UV-C exposure disrupted CB 
requires the PA28 interactions with the nucleoplasmic 
pool of coilin [26]. DNR and ADR induced DNA dam-
age triggered the nucleolar accumulation of coilin, as 

observed in this study, also suggested the DNA repair 
machinery was activated. Although the exact cause and 
the molecular interactions for inducing the changes in 
CB formation were not clear, it was generally accepted 
that coilin might directly involved in the cellular stress 
response pathways, especially certain nuclear events 
under conditions of drug treatment. In fact, coilin 
knockdown promoted apoptosis and increased chemo-
sensitivity to DNR as demonstrated from our experi-
ments, provided supportive evidence of this notion.

Interestingly, suppressing of coilin expression suf-
ficiently caused a significant reduction of p27 levels 
under DNR treatment. This seemed to be consistent 
with the finding that the expression of coilin and p27 
were notably correlated at the mRNA levels in BCP-
ALL patients. The principal function of p27 is to 
regulate cell cycle progression, the effects on cell sur-
vival and apoptosis appeared to be very much context 
dependent under drug treatments. Some studies have 
reported that p27 might negatively regulate apopto-
sis, more researches showed p27 induced apoptosis 
[27]. The outcome for p27 overexpression on cell sur-
vival was also appeared to be cell-type specific [28]. 
The subcellular localization of p27 was suggested as 
an important factor for consideration in solid tumor 
cells, it is less relevant in our study when leukemia cells 
were being used. Although from this study, the effect of 
coilin knockdown for inducing apoptosis and increas-
ing the daunorubicin sensitivity was demonstrated, as 
well as the involvement of p27 was suggested, further 
investigation to reveal the underlining mechanisms was 
in need and could be important for clinical practice.

The advance for ALL treatment has significantly 
improved the patient outcome. As in pediatric leukemia 
where higher doses of chemotherapy drugs were often 
applied, better remission in CCR rate can be achieved. 
However, there are currently no satisfactory makers 
for the prognosis of disease relapse, even at the time of 
recurrence [29]. From the investigation using BCP-ALL 
patient BM samples, we found that most of the remission 
patients following treatments exerted reduced levels of 
coilin and p27 expression comparing to the time at ini-
tial diagnosis. Meanwhile, the coilin and p27 expressions 
in the relapsed patients were significantly higher com-
pared with the continuous CR patients. The significant 
p value from the statistics indicated that high expres-
sion of coilin and p27 could be a marker for poor drug 
response and an indicator high incidence of relapse. High 
levels of snRNP assembly and pre-mRNA splicing was 
frequently observed in tumor cells and contributed in 
the increase of cell viability [30, 31]. As coilin is a major 
constituent protein of CB where snRNP species are being 
processed, it is reasonable to expect reduced coilin levels 
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favored a better prognosis. With the additional discovery 
that coilin was able to modulate the expression of p27, 
it explained, at least partially the suppressive effect of 
coilin knockdown on cell survival amplified under DNR 
treatment.

Although p27 negatively controls cell-cycle progression 
and has been classically considered as a tumor suppres-
sor, many evidences indicated that it may have onco-
genic property as well. The cytoplasmic localized p27 was 
observed to associate with poor prognosis in AML and 
CML [27, 32]. Interestingly, it was contradictory about 
the effects of p27 expression level on prognosis in leuke-
mia. Radosevic reported that high p27 protein expression 
was found in the newly diagnosed AML and patients who 
have higher p27 protein expression were more sensitive 
to chemotherapy [33]. However Haferlach reported that 
the low level of p27 mRNA was a good indicator of prog-
nosis in AML [22]. This may be due to different subtypes 
and treatment protocols of patients. In this study, we per-
formed a conjoint analysis on the prognostic significance 
of coilin and p27. Similar to Haferlach et  al.’s findings, 
our results indicated that low expression of coilin and 
p27 indicated low recurrence. Survival analysis also con-
firmed that the estimated 4-year EFS and RFS in low-p27 
were much higher than those in high-p27 group.

Conclusion
In summary, we observed that daunorubicin, one of the 
most commonly used chemotherapeutic drugs in ALL, 
induced coilin relocated to the nucleolus. Reducing of 
the expression of coilin induced apoptosis, increased the 
sensitivity to daunorubicin and repressed the expression 
of p27 in Reh cells. In pediatric BCP-ALL patients, low 
expression of coilin and p27 mRNA were found in com-
plete remission ALL patients compared with the control 
group. Therefore, our observations provided a new strat-
egy that combined detection of the mRNA of coilin and 
p27 could to help predict the recurrence and prognosis of 
pediatric ALL.

The morphology of Cajal bodies as indicated by coilin 
can be easily detected by immunofluorescence analyse 
as a routine examination. With the rapid progress in 
the development and application of high-content clini-
cal microscopic equipment, the examination of coilin 
or perhaps other marker proteins of CBs could be used 
to form a big data digital source to allow cumulative 
research for leukemia treatments. With the facilitation 
of advanced imaging and analysis software, the process 
can be highly automatic, and potentially also give the 
readout for semi-quantitative measures of gene expres-
sion levels, for examples, from the staining intensity of 
coilin. In clinics, the patient peripheral blood smear can 

be conveniently obtained and archived for storage, this 
will make retrospective research to search and establish 
indexes of diagnosis or prognosis for the evaluation of 
disease progression and recurrence. In ALL leukemia, the 
less irregular shapes of malignant cells in nature as com-
pared to other solid tumor types will be a giant advantage 
to permit the very first attempt of these novel strategies.
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